Capacitation is a key process through which spermatozoa acquire their fertilizing 27 ability. This event is required for the successful application of assisted reproductive 28 technologies such as in vitro fertilization (IVF). The aim of the present study was to 29 investigate the effect of using a synthetic oviductal fluid (SOF) medium supplemented 30 with either heparin-hypotaurine alone or in combination with progesterone (P4), 17β-31 estradiol (E 2 ) or bovine serum albumin (BSA), or just β-cyclodextrin, in replacement for 32 estrous sheep serum (ESS) for ram sperm capacitation. Following incubation in the 33 corresponding media for 15 (time 0) or 60 min, sperm function was evaluated by 34 computerized sperm motility analysis and flow cytometry (plasma membrane status and 35 fluidity). Treatments rendering the best results in regards to sperm function parameters 36 related to capacitation were used for an IVF test. Herein, neither heparin-hypotaurine 37 (alone), or in combination with P4, or E 2 , nor β-cyclodextrin induced capacitation-38 related changes in frozen-thawed ram spermatozoa. Only the medium supplemented 39 with heparin-hypotaurine-BSA was able to induce changes compatible with in vitro 40 capacitation relating to sperm motility pattern and plasma membrane fluidity, 41 comparable to those in ESS-containing medium. Both media yielded sperm parameter 42 values that differed (P < 0.05) from those obtained in the rest of the media tested. 43
Experimental design 133
Thawing was performed by placing straws in a water bath at 37 ºC for 30 s. To 134 eliminate individual differences, straws, one from each of three rams, were pooled and 135 processed together as suggested by Ollero et al. [35] . Then, a sperm selection by 136 discontinuous density gradient on Percoll ® (1 mL of 45% Percoll over 1 mL of 90% 137
Percoll) was carried out at room temperature (20-22 ºC). Thawed semen was layered on 138 top of the two Percoll ® layers and centrifuged at 700 x g for 10 min [36] [37] [38] . After 139 centrifugation, the supernatant was carefully discarded. Sperm concentration was 140 determined and the sperm pellet was diluted with each capacitating media to a final 141 concentration of 10 x 10 6 sperm/mL. 142
The following capacitating media treatments were tested: synthetic oviductal 143 fluid [39] + polyvinyl alcohol (0.1%; PVA) (SOF); SOF + heparin and hypotaurine (1 144 µL/mL of each) + PVA (0.1%) (SOF hh ); SOF + heparin and hypotaurine (1 µL/mL of 145 each) + ESS (2%) (SOF ESS ); SOF + heparin and hypotaurine (1 µL/mL of each) + BSA 146 (reference A9647; 7 mg/mL) (SOF BSA ); SOF + heparin and hypotaurine (1 µL/mL of 147 each) + 17β-estradiol (1µg/mL) (SOF E2 ); SOF + heparin and hypotaurine (1 µL/mL of 148 each) + progesterone (10 µg/mL) (SOF P4 ); SOF + β-cyclodextrin (1 mM) + PVA (0.1%)M A N U S C R I P T 
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Flow cytometry and sperm motility analyses 164
Flow cytometry analysis was carried out on sperm samples diluted and incubated in 165
each of the capacitating media tested. Analyses of sperm viability, as well as membrane 166 stability and fluidity were performed using YO-PRO-1, propidium iodide (PI) [40] and 167 the hydrophobic dye Merocyanine 540 [41] , respectively. For staining purposes, sperm 168 samples were suspended to 1 x 10 6 sperm/mL in Bovine Gamete Medium (BGM-3) in 169 flow cytometry polypropylene tubes. Then, 15 µM PI (stock: 7.5 mM in milli-Q water), 170 50 nM YO-PRO-1 (stock: 1 mM in DMSO) and 1 µM Merocyanine 540 (stock: 3.4 mM 171 in DMSO) were added to each tube and samples were incubated for 30 min in the dark. Conversely, spermatozoa incubated 60 min in SOF P4 and SOF βcyclo showed the opposite 271 response (higher LIN and lower ALH values), while there was no change for these 272 motion parameters in sperm incubated in SOF, SOF hh or SOF E2 (Figures 2B, 2C) . 273 M A N U S C R I P T
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In vitro fertilization test (IVF) 276
To carry out IVF, we selected SOF ESS and SOF BSA , media in which spermatozoa 277
showed changes related to sperm capacitation (high membrane fluidity, lower LIN and 278 higher ALH) throughout incubation. SOF and SOF hh were used as negative control 279 media. Those spermatozoa treated with SOF ESS rendered significant higher cleavage 280
rates at 48 h.p.i. compared to SOF BSA , SOF and SOF hh media, producing more than 281 twice the amount of embryos than SOF BSA (Figure 3) . 282 283
Discussion 284
This study showed that frozen-thawed ram spermatozoa responded differently to 285 various in vitro capacitating treatments, and this was subsequently reflected on the in 286 vitro fertilization rates. Notably, only those spermatozoa incubated in the presence of 287 bovine serum albumin (BSA) or estrous sheep serum (ESS) displayed changes 288 compatible with in vitro capacitation, such as modifications in the motility pattern and 289 membrane fluidity, as well as in the ability to achieve subsequent fertilization. 290
However, the cleavage rates achieved with spermatozoa treated with BSA were lower 291 than those with ESS. 292
Capacitation is a key step through which sperm become fertilization-competent 293 and hence is essential for the success and development of assisted reproductive 294 techniques. We sought to investigate the effect of various components known to 295 facilitate sperm capacitation [9,10,12,16,27] for their effect on ram sperm, with the goal 296 of eliminating ESS from the capacitating medium. Specifically, we used a synthetic 297 oviductal fluid (SOF) medium to which we added heparin-hypotaurine alone or in 298 combination with progesterone (P4), 17β-estradiol (E 2 ), or bovine serum albuminM A N U S C R I P T A C C E P T E D shown to improve the fertilizing ability of goat and ram spermatozoa when used in 313 addition to ESS [50] . However, in our study heparin in combination with hypotaurine 314 but in the absence of other additives did not have any effect on ram sperm capacitation. 315
That is, spermatozoa incubated with heparin-hypotaurine (SOF hh ) alone did not display 316 changes in membrane fluidity and or motility, nor they were able to carry out 317 fertilization. In the bovine, glycosaminoglycans such as heparin are postulated to 318 capacitate spermatozoa both in vivo and in vitro through their ability to sequester 319 coating proteins termed bovine seminal plasma proteins (BSP); this, in turn, promotes 320 cholesterol and phospholipid efflux from the sperm plasma membrane [19, 51] , leading 321 to downstream molecular events that culminate with protein tyrosine phosphorylation 322
[14]. The BSP protein family is expressed in all mammalian species studied and it isM A N U S C R I P T
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14 homologous to BSPs present in ram are not closely related to those from the bovine 325
[54]. This may be consistent with the notion that heparin-driven removal of proteins 326 from the plasma membrane may not play a similar key role during capacitation in ram 327 as it does for bull spermatozoa. 328
In our study there was no effect of P 4 or E 2 on in vitro sperm capacitation. 329
Progesterone and estrogen-supplemented medium yielded low values of 330
Merocyanine+/YO-PRO-1-spermatozoa, that displayed a sperm movement pattern 331 different from hyperactivation, consisting of linear motility throughout incubation. 332
Whereas, many authors reported that P 4 may act as a capacitating agent [9,12], others 333 suggested that P 4 by itself had no effect on sperm capacitation in bovine [8] and human 334
[11] unless heparin or BSA, respectively, were present in the medium. Therefore, while 335 P 4 did play a role in inducing the acrosome reaction in these species, the capacitating 336 effects of the media could be attributed to heparin and BSA both known to be 337 capacitating agents for bovine and human sperm, respectively. In addition, we 338 speculated that the lack of effect observed in our study for both media supplemented 339 with P 4 and E 2 , could relate to the composition of the sperm plasma membrane, which is 340 species-specific [55, 56] . These hormones act through receptors located on the surface of 341 spermatozoa [57-59], which may be potentially lost or damaged during cryopreservation 342
[60] to a different degree depending on the species [55, 61] . • The effect of different substances to capacitated frozen-thawed ram spermatozoa was assessed.
• The sperm motility pattern and membrane fluidity were chosen as parameters related to capacitation process.
• The in vitro fertilization was also used as benchmark of sperm capacitation.
• The media of capacitation, SOF supplemented with heparine and hypotaurine, progesterone, 17β-estradiol, or β-ciclodextrin were unable to trigger capacitation
• The medium of capacitation with BSA was able to trigger capacitation in a similar way than estrous sheep serum (ESS) based on sperm motility pattern and membrane fluidity.
• However, the spermatozoa capacitated with ESS rendered significant higher fertilization rates compared to those spermatozoa treated with BSA.
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